Common variable immune deficiency (CVID) is the most common symptomatic primary immune deficiency, affecting~1 in 25,000 persons. These patients suffer from impaired antibody responses, autoimmunity, and susceptibility to lymphoid cancers. To explore the cellular basis for these clinical phenotypes, we conducted highthroughput DNA sequencing of immunoglobulin heavy chain gene rearrangements from 93 CVID patients and 105 control subjects and sorted naïve and memory B cells from 13 of the CVID patients and 10 of the control subjects. The CVID patients showed abnormal VDJ rearrangement and abnormal formation of complementaritydetermining region 3 (CDR3). We observed a decreased selection against antibodies with long CDR3s in memory repertoires and decreased variable gene replacement, offering possible mechanisms for increased patient autoreactivity. Our data indicate that patient immunodeficiency might derive from both decreased diversity of the naïve B cell pool and decreased somatic hypermutation in memory repertoires. The CVID patients also exhibited an abnormal clonal expansion of unmutated B cells relative to the controls. Although impaired B cell germinal center activation is commonly viewed as causative in CVID, these data indicate that CVID B cells diverge from controls as early as the pro-B stage, cell and suggest possible explanations for the increased incidence of autoimmunity, immunodeficiency, and lymphoma CVID patients.
INTRODUCTION
Common variable immune deficiency (CVID) is a primary immunodeficiency that affects~1 in 25,000 Caucasians and is characterized by a marked reduction in serum immunoglobulin G (IgG) and IgA (<0.05 g/liter), with serum IgM being low in about half of cases (1) (2) (3) (4) . Antibody deficiency leads to recurrent bacterial infections. Pathological features of CVID can also include autoimmunity, lymphoid hyperplasia, splenomegaly, gastrointestinal diseases, and increased risk of lymphoma (5-7). Since CVID was first recognized about six decades ago, investigators have attempted to discover the basis for the disorder (8) . Various studies suggest that rare mutations in autosomal genes, including inducible T cell costimulator (ICOS) (9) , CD19 (10, 11) , B cell activating factor receptor (12) , CD20 (13) , and CD81 (14) , might lead to the CVID syndrome. Mutations of the gene encoding the transmembrane activator and calcium-modulating cyclophilin ligand interactor (TACI) are more common in CVID (found in 8 to 10% of subjects) (15) (16) (17) , but some of the same mutations are also found in healthy controls (18) , suggesting that this set of mutations is not sufficient to confer the disease phenotype (19) . CVID genome-wide association studies have emphasized the disease's unusual genetic characteristics, showing genomic regions of disease association, possible DNA gene repair variations, and excess copy number loss and gain (20, 21) .
It remains unclear whether antibody deficiencies in CVID patients arise from intrinsic defects in B cell development and function, broader impairments resulting from defects in T or dendritic cells, or a combination of these possibilities. Most patients with CVID have normal total B cell counts (7) , but about half have markedly decreased isotypeswitched memory B cells (22) (23) (24) (25) (26) . Memory (CD27 + ) B cells, in contrast to naïve (CD27 − ) B cells, have typically undergone somatic hypermutation (SHM) of Ig variable (V) region genes and isotype switching from IgM to other specialized effector isotypes. The differentiation of naïve B cells into memory B and plasma cells generally occurs within the germinal centers (GCs) (27, 28) . CVID patients with extremely low numbers of class-switched memory B cells (<0.55% of peripheral blood B cells) have been categorized as group I and are at increased risk for autoimmunity, granulomatous disease, and other complications (25, 26) relative to patients with greater numbers of these cells, categorized as group II.
Studies of in vitro immunoglobulin synthesis by CVID B cells in response to a variety of stimuli have identified the following patient subgroups: those with about normal Ig production in vitro, those with impaired but still detectable Ig responses, and those whose B cells do not produce Ig in culture in response to any stimulus (29) (30) (31) (32) . Previous studies of the molecular features of rearranged antibody genes in CVID B cells ex vivo have focused on SHM-the specialized mutational process necessary for antibody affinity maturation-with conflicting results. Three studies of small numbers of CVID patients in which relatively few Ig chains were sequenced revealed some CVID subjects to have decreased (but sometimes inconsistently reduced) SHM compared to healthy controls (33) (34) (35) (36) . In contrast, Duvvuri et al. found no decrease in SHM in the IGHV3-23 gene segment in CVID compared to controls (37) . Driessen et al. also found globally similar mutation rates for isotype-switched memory B cells in all patients and for marginal zone-like B cells in two-thirds of the patients (38) .
We have carried out deep sequencing of the immunoglobulin heavy chain (IgH) V(D)J repertoires of 93 subjects with CVID compared to 105 control subjects and evaluated more than 800,000 IgH gene rearrangements derived from genomic DNA (gDNA). In addition, we analyzed IgH transcripts from sorted memory and naïve B cells from 13 of the CVID subjects and 10 of the control subjects, evaluating 7,148,144 sequences derived from mRNA. Our data indicate that CVID patients have defects in both B cell repertoire generation and selection, which result in an altered IgH complementarity-determining region 3 (CDR3)-the region that often forms the primary interaction surface of an antibody with its cognate antigen (39) . In addition, CVID B cells show decreased diversity in the naïve repertoire and display unusual expanded B cell clones that express nonmutated IgH, indicating that B cell clonal proliferation in CVID can be uncoupled from SHM. The implications of these B cell repertoire defects for immunodeficiency, autoimmunity, and lymphomagenesis in CVID are discussed below.
Out-of-frame, germline P = 0.0099 Out-of-frame IgH sequences of CVID patients have shorter CDR3s than healthy controls (P = 0.0128 for CVID group I, P = 0.00021 for CVID group II). These sequences provide a measure of preselection VDJ gene rearrangement features. Middle: Productive but nonmutated IgH CDR3s are shorter than those of out-of-frame sequences. The difference between nonproductive and productive sequence CDR3 lengths in CVID patients is less than in controls, resulting in a productive unmutated repertoire with similar CDR3 lengths. Right: Productive IgH sequences that have undergone SHM have even shorter CDR3s on average, but the selection for shorter sequences is significantly weaker in CVID group I than in CVID group II or healthy controls (P = 0.0005). a.a., amino acid. (B) Shorter CDR3s of out-of-frame sequences in CVID have fewer nontemplated (N1 and N2) bases compared to healthy controls (P = 0.0099 for CVID group I, P < 0.00001 for CVID group II) and increased exonuclease digestion of segment ends compared to healthy controls (P = 0.003 for CVID group II). (C) Weakened selection for shorter CDR3s in CVID group I than in healthy controls is also observed in naïve B cell IgM and IgD (P = 0.0270 for IgM, P = 0.0120 for IgD). (D) This weakened selection is also seen in mRNA sequences from sorted memory B cells in switched and unswitched isotypes (IgM: P = 0.0020 for CVID group I, P = 0.0066 for CVID group II; IgD: P = 0.0020 for CVID group I, P = 0.0140 for CVID group II; IgG1: P = 0.0182 for CVID group I; IgG2: P = 0.0039 for CVID group II; IgG3: P = 0.0357 for CVID group I, P = 0.0406 for CVID group II). All P values are from the Wilcoxon-Mann-Whitney test.
RESULTS
B cell repertoire formation is altered in CVID To evaluate possible CVID-specific differences in VDJ rearrangement, independent of the effects of negative or positive selection, we sequenced IgH genes from peripheral blood B cell gDNA. Nonproductive rearrangements, which do not give rise to expressed protein, are not subject to the same selection processes that shape in-frame rearrangements. Previous studies indicate that selection of developing B cells in the bone marrow decreases the proportion of expressed antibodies with long CDR3s, possibly because such antibodies tend to be autoreactive (40, 41) . B cells expressing somatically mutated IGHV genes demonstrate even shorter CDR3s in their heavy chain.
Our data indicate that CVID subjects generate shorter CDR3s during the initial VDJ recombination in the bone marrow (Fig. 1A, left panel) . The decreased CDR3 length is due to the addition of fewer nontemplated (N1 and N2) bases in both CVID group I and II patients, and increased exonuclease activity in group II CVID patients (Fig. 1B) . In contrast, productive nonmutated IgH CDR3s in CVID patients and controls have similar lengths, indicating that expressed antibodies in CVID patients are subject to relatively less selection for shorter CDR3s than in healthy controls (Fig. 1A, middle panel) . This trend increased further for in-frame mutated sequences likely derived from antigenexperienced B cells, indicating that selection for shorter CDR3 antibodies in these cells is also impaired in CVID group I patients (Fig.  1A, right panel) .
To further study the effects of successive selection events on the antibody heavy chain CDR3s expressed by naïve B cells and memory B cells in CVID and healthy controls, we analyzed isotype-specific IgH Illumina libraries prepared from strictly sorted naïve and memory B cells of 13 CVID patients and 10 healthy controls. Unmutated IgM and IgD from sorted naïve cells showed significantly longer CDR3s in CVID group I patients compared to those in controls (Fig. 1C) . Mutated sequences from memory B cells showed more marked differences, with CVID group I patients demonstrating longer CDR3s than control subjects for all expressed isotypes, with the difference achieving statistical significance for IgG1, IgG3, IgM, and IgD (Fig. 1D) . CVID group II patients showed intermediate CDR3 lengths in memory B cells. In both healthy control and CVID patient sequence libraries, average CDR3 lengths in complementary DNA (cDNA) Illumina data from sorted B cells were about one amino acid shorter than those from total B cell gDNA sequenced with a 454 platform, possibly as a result of the higher efficiency of cluster generation by shorter amplicons in the Illumina platform (42) for the clinical autoimmunity frequently observed in these subjects. Decreased selection for shorter CDR3s could arise as a consequence of fewer rounds of antigen-driven B cell division and selection but would also be consistent with impaired elimination of autoreactive B cells.
CVID subjects show impaired V gene replacement Secondary rearrangement of gDNA at the IGH locus can remove autoreactive B cells from the repertoire or rescue initially nonproductive rearrangements by using a cryptic recombination signal sequence site in the initially rearranged V segment to enable V gene replacement. Evidence of such editing events can be detected in the form of nucleotide sequences in the V-D junction that share homology with the 3′ end of an alternative V segment. Hypothesizing that autoimmunity in CVID patients might be due in part to deficiencies in such secondary rearrangement processes, we attempted to infer the levels of V gene replacement in the B cell repertoires of CVID and control subjects using a Naïve Bayes model for detecting enrichment of nucleotide sequences matching the 3′ ends of known IGHV segments, in the V-D junctions of IgH rearrangements. Nonfunctional rearrangements from gDNA showed low levels of V gene replacement ( Fig. 2A ) and did not differ between the CVID and control subjects. In contrast, naïve, unmutated IgM and IgD from group I CVID subjects showed less V H (variable region of immunoglobulin heavy chain) replacement than did those from healthy controls, whereas group II CVID subjects were not significantly different from controls ( Fig. 2B ). Greater decreases in V H replacement frequencies in CVID were seen in mutated antibodies from memory B cells, with group I patients consistently showing the lowest replacement frequencies (Fig.  2C ). These findings suggest that the less severe clinical phenotype of group II CVID patients could be due in part to more active V H replacement reshaping the expressed B cell repertoire to remove autoreactive B cells.
Richness of the unmutated B cell repertoire is decreased in CVID
The estimation of the "richness," or the number of distinct receptors in a lymphocyte population, is challenging because the richness can be strongly dependent on the number of rare species. We applied the "Chao2" estimator of the lower limit of repertoire richness to our replicate sampling data of genomic IgH sequences from CVID and healthy individuals (43, 44) . The estimate is affected by the total number of DNA sequence reads per sample; therefore, we analyzed richness estimates as a function of read counts (Fig. 3) . The richness of unmutated IgH sequences in CVID is significantly decreased (by about 5-to 10-fold) compared to controls, whereas the richness of the mutated repertoire is comparable in CVID patients and controls. Three-quarters of the CVID subjects had normal or elevated B cell counts compared to the normal range; thus, the reduced diversity of unmutated sequences is not likely to be due to differences in the numbers of B cells analyzed. The decreased naïve B cell repertoire richness of CVID subjects could lead to fewer antibodies able to bind to any given antigen, a deficiency that could contribute to impaired humoral responses.
SHM is decreased in CVID
Previous literature reports of mutation status in CVID antibody genes have not been in agreement about whether there is a decrease in somatic mutation levels (33) (34) (35) (36) (37) (38) . We find that CVID patient B cells show decreased SHM compared to healthy controls. This decrease is most pronounced in CVID group I patients, who have fewer mutated B cells (Fig. 4A ) and lower mutation levels in their mutated B cells (Fig. 4B ). Data derived from sorted memory B cells, evaluating each antibody isotype separately, reinforce both these results (Fig. 4, C and D) . Among the larger group of 87 patients from whom gDNA was sequenced, 95% of group I and 71% of group II patients had SHM levels below the fifth percentile of the healthy controls. Mutational hotspots for activation-induced cytidine deaminase (AID) remained the most highly mutated regions in both CVID IgH sequences and controls. A greater proportion of sequence variants at non-hotspot sites were seen in the CVID samples, but the frequency of these mutations was comparable to the expected levels of polymerase chain reaction (PCR) errors or sequencing errors. Sorted memory B cells have consistently reduced levels of SHM in both groups of CVID compared to healthy controls across isotypes (IgM: P = 0.0040 for CVID group I, P = 0.0021 for CVID group II; IgD: P = 0.0010 for CVID group I, P = 0.0028 for CVID group II; IgA1: P = 0.0076 for CVID group II; IgA2: P = 0.0209 for CVID group II; IgG1: P = 0.0182 for CVID group I; IgG2: P = 0.0296 for CVID group II; IgG3: P = 0.0357 for CVID group I). All P values are from the Wilcoxon-Mann-Whitney test.
CVID patients show abnormal clonal expansion of nonmutated B cells
The B cell repertoire in the blood is composed of a mixture of B cell clones that have undergone different levels of clonal expansion in development and in subsequent responses to antigen, with variable degrees of contraction and preservation in the memory compartment. Using the data obtained by sequencing multiple replicate libraries of gDNA IgH rearrangements, we calculated a summary metric of the contributions of expanded B cell clones to the repertoire. This "clonality score" is independent of sequencing depth (see Materials and Methods) and can be considered to be the probability that two B cells selected at random from different replicate libraries will be members of the same clone. The presence of a few large clones or many smaller clones will elevate the clonality score. Surprisingly, CVID patients had normal levels of clonality compared to controls (Fig. 5A ). There was, however, a striking increase in the proportion of clones without somatic mutation in the CVID patients (Fig. 5B) . Unlike in healthy controls, where large clonally expanded B cell populations are typically mutated memory B cells, CVID patients appear to uncouple clonal expansion from SHM. These clones may represent naïve cells that have expanded in the absence of antigenic stimulation, or alternatively, they could be descendants of the normally short-lived pre-GC responding cells that produce antibodies during primary infections, among other possibilities.
CVID peripheral blood B cell clonality shows limited correlation with lymphoma history Given the high incidence of B cell lymphoma in CVID patients, a method for early detection of lymphoma, or of tracking residual disease after treatment, could be useful for patient management. We evaluated whether peripheral blood B cell populations showed abnormally high levels of clonality in CVID patients with either a current or historic lymphoma diagnosis, compared to patients with no such history. In general, in our data set, subjects with previously treated or highly localized lymphoma could not reliably be differentiated from either CVID subjects without lymphoma or healthy controls, although some CVID subjects with known active disease did show high clonality ( Fig.  6 and Table 1 ).
DISCUSSION
We have used high-throughput DNA sequencing of antibody heavy chain rearrangements from CVID patients and healthy controls to evaluate the formation of B cell repertoires and their selection in naïve and memory B cells. B cells of CVID patients showed significant alterations in each of these developmental or selection steps, suggesting mechanisms for the immunodeficiency, autoimmunity, and lymphoid malignancies that are characteristic of this disease.
Our current understanding of the pathogenesis of CVID has emphasized defects of peripheral B cell activation and maturation. A recent study that described B cell subpopulation patterns using flow cytometric immunophenotyping and k-deleting recombination excision circle assays (which evaluate the number of cell divisions a B cell clone has undergone after k light chain rearrangement during development) implicated defective post-bone marrow developmental stages for the majority of CVID, with only one-third of subjects showing evidence of defects in B cell production or survival (38) . Our findings extend these previous results by demonstrating that the IgH repertoires from subjects with CVID show consistent differences in the VDJ rearrangements taking place in B cell precursors. From the analysis of nonproductive IgH rearrangements, we find evidence that B cell precursors expressing CDR3s with decreased length before selection in the bone marrow are a common feature of CVID, suggesting a defect in lymphocyte progenitors or stem cells. As an alternative, these changes could arise as a consequence of an altered bone marrow environment in which aberrant B cell development occurs. If this phenotypic feature is the result of a stem cell defect, it could provide a mechanistic link underlying both the B and the various T and myeloid cell aberrations previously associated with CVID (45-51). Selection accompanying central B cell development was also abnormal in CVID, as evidenced by decreased selection against long CDR3 sequences in unmutated IgM and IgD sequences from naïve B cells of group I patients. In healthy controls, antibodies expressed by B cells that have undergone SHM have even shorter IgH CDR3 segments than those in naïve B cells (52) (53) (54) . We found that this step of selection was only minimally active in CVID group I subjects, who show longer CDR3s in mutated memory B cell sequences compared to controls and CVID group II subjects. Group II subjects show an intermediate phenotype. The persistence of B cells with these longer CDR3 sequences could represent a correlate of the increased autoimmunity in CVID. CVID patients, particularly in the clinically severe group I category, also show decreased evidence of post-rearrangement V H replacement, a finding that could indicate impaired receptor editing of autoreactive antibodies.
Previous studies of SHM in CVID that examined limited numbers of rearranged Ig genes in small patient cohorts have yielded inconsistent results (33) (34) (35) (36) (37) (38) . We found that SHM is defective in CVID, with both a reduced number of mutated sequences and many fewer mutations per sequence, in particular for group I subjects. A lower proportion of class-switched memory B cells has been previously correlated with increased risk for autoimmunity, granulomatous disease, and other complications in CVID subjects (25) . A previous study identified reduced levels of SHM as markers of increased risk of severe respiratory infections (35) , indicating that SHM measurement might have broad clinical significance.
Expanded B cell clones that express unmutated IgH were prominent in CVID patients compared to healthy controls. These clones could indicate altered homeostasis of B cells before antigen exposure or could arise from increased expansion and survival of unmutated IgMexpressing antigen-specific cells. Such cells could alternatively arise through escape from the GC after initiation of proliferation at the centroblast state before the initiation of SHM. Although far from definitive, some evidence exists for this latter possibility. A small study of biopsied lymph nodes from three subjects with CVID found evidence of centroblasts but a lack of centrocytes, consistent with successful expansion of premutated B cell populations in CVID (55) . Increased B cell clonality is expected in patients who develop B cell lymphomas. However, in this study, only a subset of subjects with a history of lymphoma showed increased clonality. These results were not entirely unexpected, given that the lymphomas of most of the patients in this study were either tissue-restricted or in remission, but further investigation is warranted.
A key question in CVID biology is whether patients have decreased B cell repertoire diversity or richness (the number of unique rearrangements present in the patient) compared to healthy controls, given that most CVID patients do not have decreased total B cell numbers compared to controls. The estimated minimum diversity of unmutated B cells was significantly lower in CVID patients compared to controls in our data, whereas the richness of the repertoire of mutated sequences did not differ. A decreased repertoire of naïve B cells might be less able to respond to diverse foreign antigens, contributing to immunodeficiency. The total B cell numbers in the CVID patients we studied were not significantly different from those of controls, indicating that the lower richness estimates do not arise simply from fewer cells being sampled (table S1) .
Although we have identified IgH sequence features of CVID patient repertoires that could contribute to autoreactivity, we were unable to discern consistent differences between the B cell repertoires of CVID subjects with and without confirmed clinical autoimmunity. This observation might either reflect some innate characteristics of idiopathic thrombocytopenic purpura (ITP) and autoimmune hemolytic anemia (AHA) autoantibodies or could merely reflect the fact that the clinically significant autoreactive sequences are relatively rare. As an alternative possibility, patients with CVID may have higher frequencies of autoreactive B cells, but these B cells might be less likely to secrete antibodies in vivo, as is the case for patients with deficiencies in the myeloid differentiation primary response gene 88 protein (MyD88) or interleukin-1 receptor-associated kinase 4 (IRAK4) (56) . Further study of nonimmunedeficient individuals with hemolytic cytopenias might help to clarify which of these explanations is more likely. The identification of aberrations of central B cell development in our study helps explain some CVID features that are puzzling in the context of the peripheral B cell defects in this syndrome. If the early B cell defects in CVID patients are attributable to a more general hematopoietic stem cell defect, then the increasing evidence for T cell defects (46, 49, 57) and of various defects in cytokine production (48, 57-60) becomes more intelligible. If supported by additional data, such reclassification of CVID as a stem cell defect could improve patient care, because understanding that CVID has aspects of a combined immunodeficiency could lead to increased clinical vigilance for noninfectious complications and consequent improved clinical outcomes.
MATERIALS AND METHODS

Study design
This observational study was conducted to evaluate immunoglobulin molecular features, including somatic mutation status, heavy chain CDR3 features, B cell clonality, isotype usage, and B cell population richness in CVID subjects compared to healthy controls. These variables have not been previously measured in CVID subjects using high-throughput DNA sequencing methods; therefore, formal power calculations to determine sample size were not carried out before the study. The largest available cohort of CVID patients was studied, and experimental results for all subjects were obtained and evaluated together.
CVID subjects were diagnosed on the basis of (i) reduced serum IgG, IgA, and/or IgM two or more confidence intervals below the normal ranges for age and (ii) documented antibody deficiency (61, 62) . DNA samples of 87 CVID patients, ages 7 to 87 years, including 41 males and 46 females, were examined. Thirty-five patients had a history of or ongoing autoimmunity, including 19 subjects with one or more episodes of ITP, 3 subjects with AHA, and 7 subjects who had both. One other subject had Felty's syndrome, and another had ulcerative colitis. Eleven subjects had either a history of current but not yet treated tissue-restricted lymphoma or of previously treated B cell lymphoma. Features of these subjects can be found in table S1.
In addition, RNA derived from sorted naïve and memory B cells from 13 CVID subjects, ages 23 to 77 years, including five males and eight females, and 10 healthy control subjects was converted to cDNA and sequenced. Features of these subjects can be found in table S2. CVID subjects were subdivided into those with very reduced isotypeswitched memory B cells (<0.55% of peripheral B cells) [group I (35 patients gDNA, 4 patients cDNA)] and those with greater numbers of these cells [group II (51 patients gDNA, 9 patients cDNA)], with 3 subjects (gDNA) not having data needed for group designation (25) . All subjects were receiving ongoing replacement immunoglobulin at intervals of 3 to 4 weeks (intravenous) or weekly (subcutaneous) at the time of study participation, and none were on immunomodulatory or immunosuppressive medications at the time of sample collection. Data from all subjects studied are reported; there was no identification or exclusion of outliers. The replicate structure of the sequencing experiments is described in Supplementary Methods.
Of the CVID subjects, 89 were recruited at Mount Sinai Medical Center, and 5 were recruited at Stanford University. Ninety-five healthy adult volunteers, aged 21 to 88 years, were used as controls for gDNAbased sequencing. These controls were recruited at Stanford University as healthy controls in an ongoing influenza vaccine study, or were recruited at the Oklahoma Medical Research Foundation and determined to be negative for systemic autoimmune or immune deficiency disease. For cDNA-based sequencing, 10 healthy adult controls, aged 24 to 53 years, were similarly screened at Mount Sinai Medical Center. This study was approved by the Institutional Review Boards of Mount Sinai Hospital, Oklahoma Medical Research Foundation, and Stanford University, with written informed consent obtained from all participants.
Isolation of gDNA from peripheral blood mononuclear cells Heparinized whole-blood samples (5 to 8 ml) were collected, and peripheral blood mononuclear cells (PBMCs) were isolated by centrifugation of diluted blood over Hypaque-1077 (Sigma-Aldrich) or Ficoll-Paque (GE Healthcare). gDNA was isolated via column purification (Qiagen), magnetic bead-based isolation (MagNA Pure, Roche Diagnostics Corporation), or centrifugation-based purification (ArchivePure, 5Prime). IgH sequence filtering and analysis Sequences from the 454 platform with exact matches to V and J barcodes were assigned to the corresponding samples and replicate libraries. Barcodes and IGHV primer sequences were trimmed. V, D, and J gene segments and junctional bases were assigned using the iHMMune-align program (26, 27) . CDR3 amino acid sequences were identified on the basis of the conserved cysteine-104 and tryptophan-118 residues, using the IMGT (ImMunoGeneTics) numbering scheme (28) . Non-IgH artifactual sequences were removed from the data as well as sequences with V gene insertion or deletions, and chimeric sequences. Samples with fewer than 100 sequences were excluded from further analysis. In total, 286,391 sequences from CVID patients (mean, 3330 per individual) and 531,562 sequences from healthy controls (mean, 5595 per individual) were obtained and analyzed from the 454 sequencing data set. The positions and distribution of somatic mutations along the V region were obtained by alignment with gapped IMGT germline sequences. To avoid overinterpreting PCR or sequencing error as SHM, a threshold of 1% mutation was used to distinguish between mutated and nonmutated sequences. We have previously measured the per-base error rate of 454 sequencing of IgH molecules prepared with this experimental protocol to be about 0.3% (63) .
Filtering and analysis of Illumina platform sequences derived from cDNA were analyzed by barcode and IGHV and constant region primer sequence trimming, followed by gene segment and junctional base assignment using the IgBLAST program (64) . Determination of antibody isotype and subtype was accomplished by selecting the best SmithWatermen alignment of known constant regions from the IMGT database to the constant region sequence in each amplicon after primer trimming (65) . In total, 3,719,320 sequences from the 13 CVID patients (mean, 268,318 per individual) and 1,646,618 sequences from the 10 healthy controls (mean, 164,662 per individual) were analyzed.
Inference of clonal lineages in RNA data
To control for variability in amplification and abundance of RNAderived sequences and to follow a clonal lineage across different isotype and maturation states, sequences were clustered into putative clonal lineages using single-linkage clustering. Briefly, the process starts with all sequences in their own lineages, and iteratively, two lineages are merged if any two reads, one from each lineage, satisfy the following four criteria: (i) come from the same individual, (ii) share the same V and J annotations (not including allele call), (iii) have equal CDR3 length, and (iv) CDR3 nucleotide sequences match with at least 90% identity. The process ends when there are no lineages satisfying the criteria. This clustering protocol produced 2,163,253 clones from 3,906,943 unique (per-person) sequences. The mean number of reads per lineage was 2.58, and the median was 1.
V gene replacement analysis
The amount of V H replacement observed in a participant is estimated using a Naïve Bayes classifier. Briefly, the categorical distribution of nucleotide 1-to 8-mers observed in the 40 bases at the 3′-end of known V segments is generated. For a given antibody sequence, the likelihoods under the above distributions of m-mers of lengths 1 through 8 from the junctional sequence are compared to a uniform distribution of m-mers using the Naïve Bayes assumption of m-mer independence. The resulting likelihood ratio is then calibrated to give an~8% frequency of V H replacement in in-frame, unmutated sequences from healthy controls, between the 5 and 12% reported in control individuals from repertoire sequencing data (66) . Upon manual inspection, sequences with a high likelihood ratio show evidence of V H replacement, but our comparison of likelihood ratios is used to assess the relative frequency of V H replacement in an individual and not to definitively identify specific products of V H replacement with a particular likelihood ratio cutoff.
Repertoire richness estimates
To estimate IgH species richness, we used multiple replicate libraries amplified from separate gDNA template aliquots from each sample and applied the Chao2 nonparametric estimator of unseen species (43) . The data are represented as whether a particular clone was seen, or not seen, in a particular replicate library, thus circumventing the challenges related to amplification and abundance quantification of singlereplicate experimental designs. The Chao2 estimator underestimates the total number of species, or true richness, but it is not subject to the wide variation in species richness estimates that can result from the choice of a particular parametric model to describe the abundance of clones in a population (67, 68) . Sequencing error and PCR error in library generation can generate apparently varying species that originate from a common template molecule. We examined each putative clone S that appeared in only one replicate and decided whether it could be a sequencing error with respect to another clone. We rejected S as a distinct species if another sequence satisfying the following four criteria was identified: (i) sharing the same V and J annotations, (ii) having equal CDR3 length, (iii) differing by Hamming distance of up to two in the CDR3 nucleotides, and (iv) with greater abundance.
Clonality analysis gDNA-derived IgH sequences were considered to belong to the same clone if they shared V and J gene usage (not taking into account the allele calls) and identical CDR3 amino acid sequence. To calculate a summary measure of the contribution of clonally expanded B cells to the repertoire of each individual, normalizing for sequencing depth in each subject, we calculated a clonality score as
where N ij and N ik are the copy numbers of clone i observed in independent replicate PCR libraries j and k generated from independent aliquots of template DNA; T j and T k are total read numbers in the corresponding replicate libraries (69) . The log 10 of the clonality score is shown in Figs. 5 and 6.
Statistical analysis For Figs. 1, 2, 4, and 5, P values were calculated by one-sided WilcoxonMann-Whitney test. Box-whisker plots show median (horizontal line), interquartile range (box), and 1.5 times the interquartile range (whiskers).
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